The Lotus japonicus SYMBIOSIS RECEPTOR-LIKE KINASE (SYMRK) is required for symbiotic signal transduction upon stimulation of root cells by microbial signaling molecules. Here, we identified members of the SEVEN IN ABSENTIA (SINA) E3 ubiquitin-ligase family as SYMRK interactors and confirmed their predicted ubiquitin-ligase activity. In Nicotiana benthamiana leaves, SYMRK-yellow fluorescent protein was localized at the plasma membrane, and interaction with SINAs, as determined by bimolecular fluorescence complementation, was observed in small punctae at the cytosolic interface of the plasma membrane. Moreover, fluorescence-tagged SINA4 partially colocalized with SYMRK and caused SYMRK relocalization as well as disappearance of SYMRK from the plasma membrane. Neither the localization nor the abundance of Nod-factor receptor1 was altered by the presence of SINA4. SINA4 was transcriptionally upregulated during root symbiosis, and rhizobia inoculated roots ectopically expressing SINA4 showed reduced SYMRK protein levels. In accordance with a negative regulatory role in symbiosis, infection thread development was impaired upon ectopic expression of SINA4. Our results implicate SINA4 E3 ubiquitin ligase in the turnover of SYMRK and provide a conceptual mechanism for its symbiosis-appropriate spatio-temporal containment.
INTRODUCTION
Prominent plant adaptations to nutrient limitation include alterations of root system architecture and symbiotic interactions of roots with bacteria and fungi (Den Herder et al., 2010) . Many plant developmental programs, including symbiosis, are controlled by receptor-like kinases (RLKs) (De Smet et al., 2009; Albert et al., 2010) . The outcome of RLK signaling not only depends on the availability and distribution of the ligand (Kwak and Schiefelbein, 2008) , but also relies on the amount of (active) membrane-associated RLK. However, very little is known about posttranslational RLK regulation to mediate signaling activity.
Ubiquitin-mediated proteasomal protein degradation is an important step in the regulation of protein activities in eukaryotes (Hare et al., 2003; Moon et al., 2004; Smalle and Vierstra, 2004; Groothuis et al., 2006; Zeng et al., 2006) . Although data for ubiquitination of RLKs are still limited, posttranslational modifications are likely to be involved in determining receptor fate and localization, for example, by promoting endocytosis, which controls receptor recycling and availability (Robatzek et al., 2006; Geldner et al., 2007) , and also by targeting receptors for degradation to alleviate the signaling response (Le Roy and Wrana, 2005; Goff and Ramonell, 2007; Lu et al., 2011) . In plants, E3 ligase-mediated regulation has been demonstrated for only few RLKs, such as and CHITIN-ELICITOR RECEPTOR KINASE1, two receptor kinases that are ubiquitinated by the bacterial E3 ligase AvrPtoB, which overcomes plant defense responses by targeting critical pattern recognition receptors (Göhre et al., 2008; GimenezIbanez et al., 2009) . Also, plant E3 ligases, such as PUB12 and PUB13, directly ubiquitinate FLS2 (Lu et al., 2011) . Conversely, RLKs might regulate E3 ligases via phosphorylation; for example, the rice (Oryza sativa) E3 ligase XB3 is a substrate of XA21 . Moreover, PUB12 and PUB13 are phosphorylated by BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase1, a step required for FLS2-mediated degradation (Lu et al., 2011) .
The enzymatic reaction of E3 ligases involves the covalent linkage of ubiquitin molecules to a Lys residue of the targets or of ubiquitin itself (Passmore and Barford, 2004; Li et al., 2007) . The energy-requiring step is the E1-mediated activation of ubiquitin. Subsequently, E2 ubiquitin-conjugating enzyme binds ubiquitin and delivers it to the substrate, via binding to the E3 ubiquitin ligase that specifically binds the target substrate. This ubiquitination results in the default consequence, namely, proteasomal degradation of the target via the 26S proteasome (Ciechanover, 1998; Hershko and Ciechanover, 1998; Bachmair et al., 2001) . The E3 RING finger or HECT domain is responsible for binding to ubiquitinated E2 enzymes and is therefore present in all E3 ligases identified so far (Joazeiro and Weissman, 2000; Pickart, 2001 ).
The SEVEN IN ABSENTIA (SINA) family of E3 ligases was first identified in Drosophila melanogaster and later found in mammals and plants (Carthew and Rubin, 1990; Della et al., 1993) . The amino acid sequence consists of a variable N-terminal region, a conserved C3HC4 RING domain, and a typical SINA domain (Hu and Fearon, 1999) , which includes two Zn 2+ finger motifs and a substrate binding and dimerization (SBD) domain (Depaux et al., 2006) . Mammalian and vertebrate SINA proteins function in a broad range of processes, such as Drosophila photoreceptor development, and responses to hypoxia and stress (Franck et al., 2006; Cooper et al., 2008; House et al., 2009) . Their identified substrates include mainly transcription factors and cytosolic proteins, but also membrane proteins (Kim et al., 2004) . In the plant kingdom, very little is known about SINA E3 ligase mechanisms and functions. SINA dimers were shown to be the active form in plants (Xie et al., 2002) , but in mammalian cells, SINA also participates in an Skp Cullin F-Box-like complex (Santelli et al., 2005) . Plant SINA families comprise highly conserved proteins with six members in Arabidopsis thaliana and rice, and 10 in poplar (Populus trichocarpa; Den Herder et al., 2008; Wang et al., 2008) . In Arabidopsis, SINAT5 regulates lateral root numbers via specific targeting of the NAC1 transcription factor (Xie et al., 2000 (Xie et al., , 2002 , and SINAT2 interacts with the RAP2.2 transcription factor (Welsch et al., 2007) .
Plant roots engage in advantageous mutualistic interactions with microorganisms. For instance, arbuscular mycorrhiza (AM) improves nutrient uptake via a fungal partner (Parniske, 2008; Bonfante and Genre, 2010) , and this symbiosis is formed by the majority of land plants. Legumes and actinorhizal plants develop root nodule symbiosis with nitrogen-fixing bacteria. These are accommodated in a specialized organ, the root nodule, and provide nitrogen to the host plant (Oldroyd and Downie, 2008) . Perception of a rhizobial signaling molecule, the Nod factor, via Nod Factor receptors in the epidermis Radutoiu et al., 2003; Arrighi et al., 2006; Mulder et al., 2006; Radutoiu et al., 2007; Madsen et al., 2010) , initiates symbiotic signal transduction processes which result in nodule organogenesis and initiation of bacterial infection. Root hairs curl and entrap bacteria, thus initiating infection thread (IT) formation (Timmers, 2008) . Via the IT, rhizobia are guided to the nodule cortex cells, into which they are released from ITs into plant membrane-enclosed compartments and differentiate into nitrogen-fixing bacteroids (Brewin, 2004; Oldroyd and Downie, 2008; Timmers, 2008) .
Fine-tuning of symbiosis restricts microbial colonization to appropriate levels and avoids detrimental defense responses (Gibson et al., 2008) . Involvement of E3 ligase-mediated posttranslational regulation in symbiotic signaling and development is indicated by the demonstrated role of anaphase-promoting complex (APC) CCS52A in endoreduplication (Vinardell et al., 2003) , the isolation of nsRING, which is involved in rhizobial infection (Shimomura et al., 2006) , the Lotus japonicus CERBERUS and orthologous Medicago truncatula LIN genes encoding E3 ligase U box proteins, which are required during early stages of IT formation (Kuppusamy et al., 2004; Kiss et al., 2009) , and the E3 ligase PUB1, which interacts with the symbiotic LysM RLK LYK3, which is crucial for the initiation of nodule symbiosis.
PUB1 is an active E3 ligase in vitro and can be phosphorylated by LYK3 in vitro, but a regulatory effect on the receptor was not observed (Mbengue et al., 2010) . In M. truncatula, introduction of the Arabidopsis dominant-negative SINAT5DN form resulted in a symbiotic infection phenotype (Den Herder et al., 2008) .
The L. japonicus SYMBIOSIS RECEPTOR-LIKE KINASE (SYMRK) has an intracellular kinase domain (KD) that is active in its autophosphorylated form and is required for root symbiosis (Yoshida and Parniske, 2005) . SYMRK is a common SYMBIO-SIS (SYM) gene, required to initiate both AM (Endre et al., 2002; Stracke et al., 2002; Demchenko et al., 2004) and nodulation on legumes or the actinorhiza plants Casuarina glauca and Datisca glomerata (Gherbi et al., 2008; Markmann et al., 2008) . During nodulation, a role in initiation of infection, as well as in rhizobial internalization and symbiosome formation, was proposed based on RNA interference results obtained with Sesbania rostrata SYMRK or M. truncatula DMI2 (Capoen et al., 2005; Limpens et al., 2005) ,
Proteins that interact with SYMRK or the Medicago sativa ortholog NODULATION RECEPTOR KINASE have been described. These include 3-Hydroxy-3-Methylglutaryl CoA Reductase1 (Kevei et al., 2007) , SYMRK INTERACTING PROTEIN1, which binds the NODULE INCEPTION (NIN) promoter , and a remorin protein . Here, we identified SINA E3 ubiquitin ligases as SYMRK interactors. Since SINA4 overexpression specifically impaired SYMRK protein stability and proper rhizobial infection, we postulate that SINA4 is a negative regulator of SYMRK.
RESULTS

L. japonicus SYMRK Kinase Interacts with SINA E3 Ligases
To identify SYMRK-interacting proteins, the SYMRK-KD was used for a Gal4 yeast two-hybrid (Y2H) screen with an L. japonicus cDNA library derived from RNA of roots inoculated with Mesorhizobium loti (Poulsen and Pødenphant, 2002) . Six independent clones coding for proteins with sequence similarity to SINA E3 ligases were isolated: SINA1 (two clones), SINA2 (two clones), SINA3 (one clone), and SINA4 (one clone) ( Figure  1A ). All cDNA clones encoded 59-proximal truncated versions of the SINA coding regions (see Supplemental Figure 1A online). Although clones for SINA5, a fifth member of the family, were not isolated from the Y2H screen, SINA5 transcripts could be detected in the Y2H cDNA library by PCR. The full coding sequences for SINA1 to 5 were isolated from L. japonicus cDNA. By contrast, SINA6, which shares 94% nucleotide sequence identity with SINA1, has been identified in the L. japonicus genome database (Sato et al., 2007) but could not be isolated from L. japonicus cDNA or from the Y2H library as a transcript. The L. japonicus SINA protein family members are highly conserved with an average 62 to 85% amino acid sequence identity, including conserved Cys and His residues in the RING and Zn 2+ finger, required for C3HC4 RING E3 ligase activity and a substantially diverged N-terminal region (see Supplemental Figure 1 and Supplemental Data File 1 online).
The interaction between SYMRK-KD and SINA1, 2, 3, and 4 was confirmed in yeast, but SINA5 did not interact with SYMRK-KD in yeast ( Figure 1A ; see Supplemental Table 1 online) . To analyze the specificity of the interaction between SINAs and the SYMRK kinase, we tested the KD of the Nod Factor receptors NFR1 and NFR5 Radutoiu et al., 2003) and of a close Lotus homolog of the Arabidopsis FLS2 receptor (FLS2-like KD). Expression of the NFR1 KD in yeast was confirmed (see Supplemental Figure 2A online), but no interaction was observed with any of these RLK domains in combination with SINA1, 2, 3, 4, or 5 ( Figure 1A ; see Supplemental Table 1 online) .
To map the SINA1 domain(s) relevant for the interaction with SYMRK-KD, we analyzed deletion constructs of SINA1 ( Figure  1B ). As described earlier for homologous proteins from other species (Hu and Fearon, 1999) , the SINA domain, consisting of the Zn 2+ finger motifs and SBD, was required for interaction. However, the variable N-terminal sequence and the RING domain were not required for interaction ( Figure 1B ; see Supplemental Figure 1A online). Three out of the six SINA family members, namely, SINA2, SINA3, and SINA5, lacked a C-terminal extension of 14 amino acids (see Supplemental Figure 1A online, red boxed area). Since SINA3 interacted strongly with SYMRK (Figure 1 ), this extension does not seem critical for the interaction. The functionality of the SYMRK interaction domain of SINAs was confirmed in an in vitro binding assay demonstrating direct interaction between SINA1 and SYMRK-KD ( Figure 1C ). For this assay, glutathione S-transferase (GST)-SINA1 was pulled down with glutathione beads and immunoblot analysis with a-His antibody was used to detect HIS-SYMRK-KD. HIS-SYMRK-KD was detected in the pellet fraction when GST-SINA1 was used as bait, but not when SINA1 lacking the SBD domain (GST-SINA1-del2) was used as bait (Figures 1B and 1C) .
As shown before for plant and mammalian SINAs, the formation of homo-and heterodimers is required for E3 ligase activity (Den Herder et al., 2008; Hu and Fearon, 1999; Xie et al., 2002 ). Therefore, we tested whether dimerization also occurred with L. japonicus SINAs and observed homo-and heterodimers in several combinations in yeast (see Supplemental Table 1 online) and in planta using bimolecular fluorescence complementation (BiFC; Kerppola, 2008; see Supplemental Table 2 and Supplemental Figure 3A online). We found that four L. japonicus SINA E3 ligase proteins dimerize and specifically interact with the SYMRK-KD in yeast. SINA dimerization was consistently observed in plant cells as small dots in the cytoplasm in close vicinity of the plasma membrane (see Supplemental Figure 3A online).
In Vitro E3 Ligase SINA Activity and Dominant-Negative Inhibition
The predicted function of SINAs was analyzed by testing their enzymatic E3 ligase activity via in vitro ubiquitination assays ( Figure  2 ). We confirmed that SINA4 is an active E3 ligase since incubation of SINA4 with E1 ubiquitin-activating and E2 ubiquitin-conjugating enzymes, ubiquitin, and ATP resulted in polyubiquitination in vitro ( Figure 2A Active SINA E3 ligases function as dimers to ubiquitinate their targets, or themselves, resulting in polyubiquitinated proteins, which are subsequently degraded in the cytosol (Joazeiro and Weissman, 2000) . The predicted regulatory function of the SINA E3 ligases was further confirmed through the generation of stable inactive dominant-negative SINA1 and SINA4 mutant forms (SINA1DN and SINA4DN) , in which a conserved Cys is substituted with a Ser in the RING domain (C47S or C66S, respectively; see Supplemental Figure 1A online), thereby abolishing E3 activity, but retaining dimerization and substrate binding capacity (see Supplemental Table 1 online; Xie et al., 2002) . The loss of E3 ligase activity of both proteins, SINA4DN ( Figure 2B ) and SINA1DN ( Figure 2C ), was confirmed in vitro; increasing amounts of SINA1DN caused a decrease in the amount of polyubiquitinated SINA1 ( Figure 2C ). These dominantnegative mutant forms were also found to interact with SYMRK-KD, but not with NFR1-KD in yeast ( Figure 1A ), thus retaining the binding specificity of the wild-type proteins.
SINA Subcellular Localization
We examined the subcellular localization of SINA1 and 4 by transient expression of SINA-fluorescent protein fusions. SINA4:YFP (for yellow fluorescent protein) expressed under the control of the SINA4 promoter in L. japonicus roots resulted in a very weak fluorescent signal, which is probably a reflection of both the weak promoter activity of SINA4 (see below and Supplemental Figure 8 Table 2 online) or by expression of the inactive SINA4DN:YFP. In L. japonicus roots, a high background fluorescence overlapping the emission spectrum of the YFP fluorescence made it difficult to distinguish the real YFP signal. However, in both, Nicotiana benthamiana leaf epidermal cells and L. japonicus root protoplasts, the SINA1 and SINA4 protein fusions with green fluorescent protein (GFP) and cyan fluorescent protein (CFP), respectively, upon addition of MG132, as well as their dominant-negative counterparts, were consistently localized in the cytosol and/or cytosolic dots of variable size (see Supplemental Figure 3 , and Supplemental Table 3 , and Supplemental Methods 1 online).
In Planta Interaction between SINAs and SYMRK
In planta interaction between full-length SYMRK and SINA1DN or SINA4DN was tested via BiFC in N. benthamiana. SYMRKmOrange expressed on its own under the control of the 35S promoter localized to the plasma membrane (Figures 3C and 3D ; see Supplemental Figure 5 online). However, upon coexpression of SINA4DN:YFPC and SYMRK:YFPN, the YFP fluorescence, indicative of interaction, localized predominantly, if not always, in dots at the cytosolic interface with the plasma membrane (see Supplemental Figure 2C online; Figure 3E ). The YFP signal for BiFC between SINA-YFPN and SINA-YFPC, indicative of self-interaction, was very similar (cf. Figure 3E with Supplemental Figure 3A online). Hence, both interaction signals resemble the localization of the SINA proteins when expressed on their own (see Supplemental Figures 3A to 3C online; Figures 3A, 3B, and 3E) .
The intensity of the fluorescent signal and the estimated percentage of cells showing fluorescence were taken as an indication of the strength of the interaction (see Supplemental Figure 2C and Supplemental Table 2 online). The BiFC signal observed for SINA1DN:YFPC and SYMRK:YFPN coexpression was rather weak (10 to 30% of total visible epidermal cells [TVECs] showed fluorescent signal), but the signal observed for SINA4DN:YFPC and SYMRK:YFPN coexpression was much brighter and more abundant (31 to 70% of TVEC) (see Supplemental Figure 2C and Supplemental Table 2 online), indicating a stronger interaction between SYMRK and SINA4 in planta. In addition, the interaction of SYMRK with SINA2 and SINA3 resulted in a bright BiFC signal for the inactive SINA2 (31 to 70% of TVEC) and a positive but very low and infrequent YFP signal for SINA3 (10 to 30% of TVEC) (see Supplemental Table 2 online).
SINA4 Relocalizes SYMRK in Planta
We tested whether SINA4 can alter SYMRK localization by expressing fluorescent tagged versions of the two proteins separately and together in N. benthamiana. Transient expression of the genomic construct ProSINA4:SINA4:YFP (followed by MG132 proteasomal inhibitor treatment) and its dominantnegative form ProSINA4:SINA4DN:YFP in N. benthamiana leaves resulted in easily detectable cytosolic localization (Figure 3 Transient coexpression of ProSINA4:SINA4DN:YFP and Pro35S:SYMRK:mOrange resulted in bright cytosolic dots for the SINA4DN-YFP signal as typically observed also when this construct was expressed on its own. However, the otherwise exclusive SYMRK-mOrange localization at the plasma membrane was altered (cf. Figure 3C with Figures 3B, 3D , and 3F) and now partially colocalized with the SINA4DN-YFP dots ( Figure 3F ). This SINA4-mediated relocalization of SYMRK protein, in combination with the Y2H and BiFC data, strongly supports the hypothesis of a physical interaction between SINA4 and SYMRK in planta.
SINA4 Specifically Interacts with SYMRK Kinase
To determine the specificity of the SINA/SYMRK interaction, we tested the SINA interaction with NFR1. The expression of the (C) In vitro pull-down assay with glutathione-coated beads on reactions containing His-tagged SYMRK-KD (His-SYMRK-KD) and (truncated) GST-tagged SINA1 (GST-SINA1/SINA1del2) versions. Reactions were subjected to immunoblot analysis using an antibody against the His-tag (aHis). His-SYMRK-KD could only be coimmunoprecipitated with GST-SINA1.
LW, Leu/Trp-deficient medium; HLW, Leu/Trp/His-deficient medium; HLW+, HLW medium with 3-aminotriazole (5 mM); + or 2, yeast growth observed or not; N, variable N-terminal domain; RING, E3 activity domain; SING, inactive RING mutated in the conserved Cys-47 to Ser; ZF, zinc finger motif.
SINA-HA-YFPC proteins, as well as the SYMRK-YFPN and NFR1-YFPN proteins, was confirmed via immunoblot analysis (see Supplemental Figure 2B online). However, no interaction was observed for NFR1 with SINAs by BiFC, confirming the Y2H Figure 2 . Dominant-Negative Inhibition of SINA in Vitro E3 Ligase Activity.
(A) In vitro ubiquitination assay with GST-tagged SINA4 (GST-SINA4) in the presence (+) or absence (2) of yeast E1 ubiquitin-activating and human UBC4b E2 ubiquitin-conjugating enzymes, ubiquitin and ATP. Reactions were analyzed for ubiquitination and the presence of the recombinant proteins by immunoblots using antibodies against ubiquitin (a-Ubi; Affiniti) and the GST tag (a-GST). Multiple bands of high molecular weight indicated polyubiquitination activity of GST-SINA4 in the presence of E1 and E2 enzymes, ubiquitin, and ATP. (B) In vitro ubiquitination assay with MBP-tagged SINA4 (MBP-SINA4WT) and the dominant-negative (DN) SINA4 (MBP-SINA4DN). Reactions were analyzed for ubiquitination and the presence of the recombinant proteins by immunoblot using antibodies against ubiquitin (a-Ubi; Santa Cruz) and the MBP tag (a-MBP). Multiple bands of high molecular weight indicated polyubiquitination activity of MBP-SINA4 but not of the inactive MBP-SINA4DN. (C) In vitro ubiquitination activity of GST-tagged SINA1 (GST-SINA1) and dominant-negative (DN) SINA1 (GST-SINA1DN) and the effect of GST-SINA1DN on GST-SINA1 polyubiquitination activity. Reactions were analyzed for ubiquitination and the presence of the recombinant proteins by immunoblots using antibodies against ubiquitin (a-Ubi; Affiniti) and the GST tag (a-GST). Multiple bands of high molecular weight indicated polyubiquitination activity of GST-SINA1 but not of GST-SINA1DN. The presence of inactive GST-SINA1DN inhibited GST-SINA1 polyubiquitination activity in vitro. The requirement of an active or specifically phosphorylated kinase for its interaction with E3 ligases and subsequent vice versa ubiquitination has been demonstrated in animals and plants (Göhre et al., 2008; Lovly et al., 2008) . We tested whether the kinase activity of SYMRK influenced SINA interaction using the SYMRK K622E inactive mutant form (Yoshida and Parniske, 2005) . The Y2H interaction studies using SYMRK-KD or SYMRK K622E -KD showed indistinguishable growth when coexpressed with SINA1, 3, and 4. The interaction of SYMRK-KD with SINA2 was already weaker on quadruple selection media compared with other SINAs, and the interaction of SINA2 with SYMRK K622E -KD could not be detected in the Y2H assays (see Supplemental Table 1 online). However, in N. benthamiana, both SYMRK and SYMRK K622E full-length protein coexpression resulted in a similar BiFC fluorescence pattern and strength with SINA1DN, SINA2, and SINA4DN (see Supplemental Table 2 online). Thus, kinase activity may quantitatively contribute to, but is not essential for, interaction between the SYMRK-KD and SINAs.
SINA4 Specifically Affects SYMRK Stability in N. benthamiana E3 ligases can potentially modulate RLK localization and stability (De Smet et al., 2009; Gimenez-Ibanez et al., 2009; Lu et al., 2011) . The induced relocalization of SYMRK by SINA4 might lead to subsequent protein degradation. To test the effect of SINA4 on SYMRK protein stability, we performed coexpression experiments in N. benthamiana epidermal leaf cells. We found that transient coexpression of Pro35S:gSYMRK:YFP and Pro35S:SINA4 reproducibly led to fainter YFP signal, indicating decreased levels of SYMRK-YFP compared with expression of Pro35S:gSYMRK:YFP alone ( Figure 4A ). By contrast, Pro35S: SINA4DN or Pro35S:SINA1DN coexpressed with Pro35S: gSYMRK:YFP resulted in a bright fluorescent signal, indicating accumulation of SYMRK-YFP protein. We hypothesize that dominant-negative SINAs stabilized SYMRK by binding to it, thus protecting it from endogenous N. benthamiana SINA homologs (Figures 4A and 4C; see Supplemental Figures 6A, 6C, and 6D online) .
Immunoblot analysis using a SYMRK-specific antibody raised against the extracytoplasmic part of SYMRK (SYMRK-EXT) demonstrated that the amount of SYMRK full-length protein decreased or increased in the presence of SINA4 or SINA4DN, respectively (see Supplemental Figure 6A online). These results indicate that SINA4 targets SYMRK-YFP for degradation. Consistent with the intracellular localization of SINA4, we observed that full length SYMRK protein as well as a truncated cytosolic SYMRK-YFP (tSYMRK-YFP) fragment that was consistently detectable upon expression of the full-length SYMRK-YFP in N. benthamiana, were reduced or increased upon coexpression of SINA4 or SINA4DN, respectively (see Supplemental Figure 6C online). On the other hand, the amount of a SYMRK fragment specifically recognized by the a-SYMRK-EXT antibody (see Supplemental Figure 6A online, fSYMRK) was similar when expressing SYMRK:YFP alone or together with SINA4, indicating that expression of SYMRK:YFP as such was not impaired by the SINA cotransformation (see Supplemental Figure 6A online, cf. lanes 1 and 3).
To test the specificity of SINA4's interaction and destabilization activity, we coexpressed Pro35S:SINA4DN with Pro35S:NFR1:YFP in N. benthamiana. Plasma membranelocalized NFR1-YFP protein was not obviously affected upon coexpression, demonstrating the target specificity of SINA4 ( Figure 4B ; see Supplemental Figure 7B online). Finally, we immunoprecipitated SYMRK-YFP from N. benthamiana crude extract, and starting from equal amounts of material expressing SYMRK-YFP, we obtained a different quantity of SYMRK-YFP elution products upon coexpression with different SINAs. The active SINA4 resulted in decreasing SYMRK-YFP amounts, while coexpression of active SINA1 or SINA2 did not decrease SYMRK-YFP amounts (see Supplemental Figure 6D online). Taken together, our data provide strong evidence for a specific and negative effect of SINA4 on SYMRK protein stability.
SINA4 Affects SYMRK Protein Stability in L. japonicus Nodulated Roots
To investigate the influence of SINA4 on SYMRK levels during nodulation, we expressed SINA4 or SINA4DN under the control of the lotus ubiquitin promoter (Maekawa et al., 2008) in L. japonicus hairy roots. Expression of SYMRK was analyzed via immunoblot using a-SYMRK-EXT antibody ( Figure 5 ). Upon inoculation with the compatible rhizobial strain M. loti MAFF303099 DsRed, transgenic roots expressing ProUbi:SINA4 contained less SYMRK full-length protein than control roots transformed with the empty vector, whereas noninoculated ProUbi:SINA4 expressing transgenic lotus roots did not show a reduced level of SYMRK protein ( Figure 5 ). From these data we concluded that ectopic expression of SINA4 negatively influenced SYMRK levels during nodulation. No significant increase of SYMRK was observed in SINA4DN-expressing roots ( Figure 5 ), suggesting that additional factors limit SYMRK levels in the root.
SINA4 and SYMRK Expression Patterns in Lotus Roots
The transcript abundance of SINA1, 2, 3, and 4 was determined by quantitative RT-PCR on RNA from L. japonicus root tissue inoculated with M. loti rhizobia or an AM fungus. Marker genes for both symbiotic interactions were used as controls for induction. Upon inoculation, NIN (Schauser et al., 1999) and PHOSPHATE TRANSPORTER4 (PT4) (Javot et al., 2007) were induced up to 700-and 7000-fold, respectively (see Supplemental Figures 7A and 7C online). For all four SINA genes, transcripts were detected in noninoculated roots and in nodulated tissue. Also, SINA4 expression increased, up to threefold at 10 d after rhizobial inoculation compared with noninoculated roots, and weak induction could be detected for SINA1 and SINA3 (see Supplemental Figure  7 online).
We also analyzed promoter activity using promoter-bglucuronidase (GUS) fusions, testing ProSYMRK:GUS and ProSINA4:GUS activity in transgenic hairy roots of L. japonicus. In noninoculated roots, expression of the ProSINA4:GUS construct resulted in weak blue staining in the root zone susceptible for rhizobial infection and more clear staining in the root tip, as well as at lateral root initiation sites (see Supplemental Figures 8A and 8B online). SYMRK promoter activity in noninoculated roots was most pronounced in the epidermis, including root hair cells (see Supplemental Figures 8E and 8F online), while no staining was observed at the root tip or at lateral root initiation sites (data not shown).
After rhizobial inoculation, blue staining indicative of SINA4 promoter activity was observed in the vicinity of M. loti fluorescence and in the vicinity of nodule primordia (see Supplemental Figure 8C online). Also, the SYMRK promoter showed activity in nodule primordia (see Supplemental Figure 8G online), which is consistent with earlier observations in M. truncatula (Bersoult et al., 2005) . During further development of the nodules, SINA4 promoter activity became weaker at the nodule base (see Supplemental Figure 8D online) and finally disappeared in fully matured nodules (data not shown), which was also the case for SYMRK promoter activity (see Supplemental Figure 8H online).
In summary, SYMRK and SINA4 have distinct but partially overlapping (such as root hairs and the nodule meristems/ primordia) expression patterns during rhizobial infection and early nodule development. Interaction between the two proteins at these locations could affect SYMRK abundance, thereby modulating the tissue susceptibility to symbiotic signaling.
Ectopic Expression of SINA4 in L. japonicus Results in Impaired Rhizobial Infection of Root Hairs and Nodule Cortical Cells
Our results provide strong evidence that SINA4, but not SINA1, negatively regulates SYMRK abundance. We therefore hypothesized that SINA4 should specifically exert a negative effect on nodulation. To test this, we generated stable transgenic L. japonicus plants expressing wild-type or dominant-negative (DN) versions of SINA1 or SINA4. Lines with strong transgene expression were chosen for phenotypic analysis (Figures 6A and 6B). Plants transformed with the pK7WG2D empty vector were used as controls.
All transgenic lines ectopically expressing SINAs did not display any obvious nonsymbiotic or developmental phenotypes. Consistent with the wild type-like overall growth performance of the transgenic lines, the primary root length was similar for all lines in all conditions tested compared with the empty vector control (see Supplemental Figure 9D online).
Plants of two independent transgenic lines, Pro35S:SINA4WT1 and 2, were significantly impaired during rhizobial infection of root hairs and nodule tissue upon inoculation with M. loti R7A expressing lacZ. The average number of infection events and infection threads per plant incubated at 7 d after inoculation (DAI) was significantly reduced compared with empty vector control plants and to Pro35S:SINA4DN plants ( Figure 6C ; see Supplemental Figure 9A online). Despite the impairment of the early infection stages, the nodule numbers counted at 26 DAI were not significantly different for Pro35S:SINA4WT compared with the empty vector control and were higher for Pro35S: SINA4DN plants grown under nonoptimal conditions (closed plastic containers; see Methods), which might indicate a slightly better nodulation when SINA4 function is inhibited (see Supplemental Figure 9B online).
Stereomicroscopy analysis revealed that one-third of the Pro35S:SINA4WT nodules appeared white and small compared with only ;8% of the nodules on the empty vector control or Pro35S:SINA4DN plants (see Supplemental Figure 9C online). Sectioning followed by toluidine blue staining of both nodule types, white and pink ones, revealed that Pro35S:SINA4WT nodules were not properly infected (Figure 7 ). Both the pink and the white nodules in the empty vector control ( Figures 7A to 7D) , the wild type (data not shown), or Pro35S:SINA4DN (data not shown) had thin, normal-looking transcellular infection threads (arrows in Figures 7B and 7D) , whereas the infection threads visible in the Pro35S:SINA4WT nodules had a heavily branched and rather thick appearance (arrows in Figures 7F and 7H) . Moreover, both the white and pink nodules of the controls and wild types or Pro35S:SINA4DN nodules contained infected cells that were always packed with bacteroids (seen as blue staining inside the cells in white and pink nodules; Figures 7B and 7D) , whereas in the Pro35S:SINA4WT2 line, only the pink nodules were largely packed with bacteroids ( Figures 7E and 7F) , while the Pro35S:SINA4WT2 white nodules were almost devoid of bacteria ( Figures 7G and 7H ). An even stronger phenotype was observed for the Pro35S:SINA4WT1 plants in which the white nodules were empty ( Figures 7K and 7L) , and in which the pink nodules contained few infected cells. These Pro35S:SINA4WT1 pink nodules displayed abnormally large, blue cells ( Figures 7I  and 7J ), similar in size to normally infected cells ( Figure 7B ), but without visible bacteroids inside ( Figure 7J) .
To determine the specificity of these effects of ectopically expressing SINA4 on nodulation, we analyzed Pro35S:SINA1WT-expressing plants. These Pro35S:SINA1WT lines did not show different infection thread or nodule numbers compared with control plants or the wild type, and they also displayed normally infected nodule tissue (see Supplemental Figure 10 online). However, the ectopic expression of the inactive SINA1DN led to a reduced number of infection threads and nodules compared with the controls. SINA4 variants were expressed in L. japonicus Gifu wild-type hairy roots under the control of the ubiquitin promoter using the vectors ProUbi:SINA4 (SINA4), ProUbi:SINA4DN (SINA4DN), or the empty vector control (EV). At 14 DAI with M. loti (A) or mock treatment (B), transgenic roots were harvested and extracts analyzed by immunoblots for the presence of SYMRK [using a-SYMRK(EXT) antibody, top panels]. The signal from the GFP transformation marker (using a-GFP antibody, bottom panels) was used as internal standard for the quantification of relative abundance of SYMRK. Graphs represent mean values 6 SD of two technical replicates. Lane symrk-3, L. japonicus symrk-3 roots (symrk null mutant; negative control). (A) The relative abundance of SYMRK was reduced in nodulated roots expressing SINA4 compared with the empty vector control. SINA4DN expression did not change SYMRK abundance in nodulated roots. (B) The relative abundance of SYMRK was not affected in non-nodulated roots expressing either SINA4 or SINA4DN compared the empty vector control.
In conclusion, the reduced bacterial colonization phenotype of Pro35S:SINA4WT appears to be specific to SINA4 and comprises impaired infection thread formation and a strong reduction in bacteroid abundance.
DISCUSSION
SYMRK triggers a program for the intracellular uptake of bacteria ; however, this program must be contained to restrict infection to appropriate cells and tissues. Here, we identified SINA E3 ligases as novel interaction partners of SYMRK. One family member, SINA4 could be identified as a negative regulator of SYMRK stability and symbiotic infection.
We observed that targeting of SYMRK by the E3 ligase SINA4 caused degradation of SYMRK in planta. In N. benthamiana, we observed a SINA4-mediated decrease of the SYMRK-YFP signal, concomitant with a relocalization to the cytosol and nuclear periphery, which are sites of proteasomal degradation. This regulatory effect of SINA4 observed in N. benthamiana was specific for SYMRK because another symbiotic receptor-like kinase, NFR1, did not disappear or relocalize upon coexpression.
Also, SINA4DN or SINA1DN stabilized SYMRK-YFP, indicating that the inactive dominant-negative SINA proteins bind SYMRK in planta and protect it from degradation. The fact that only the inactive SINA1DN and not the active SINA1 has an effect on SYMRK protein level is consistent with the lack of an obvious nodulation phenotype in Pro35S:SINA1WT. Since SINA1 does not appear to target SYMRK for destruction, the mechanism by which SINA1DN negatively influences symbiosis remains to be elucidated.
To identify the cell types in which such a negative regulation of SYMRK by SINA4 might take place, we compared the expression domains of the corresponding genes in roots by means of promotor:GUS fusions. Both expression domains were partially overlapping in the epidermis, including root hair cells, and, importantly, upon rhizobial inoculation, expression of both SINA4 and SYMRK was observed around rhizobial infection patches and nodule primordia. These overlapping expression patterns of SINA4 and SYMRK thus revealed potential cell types and developmental stages at which posttranslational regulation of SYMRK by SINA4 is possible.
The concept of negative regulation of symbiosis by SINA4 is further supported by the phenotype observed in transgenic L. japonicus lines ectopically expressing the active SINA4 protein.
A drastic reduction in rhizobial infection and a high proportion of developmentally impaired nodules was observed. These nodules carried infection threads, but rhizobial occupancy was strongly reduced, rhizobia did not differentiate into bacteroids, and the number of infected cells was reduced. Moreover, the large proportion of small white nodules indicated a developmental delay or premature arrest. Ectopic expression of SINA4 affected infection in the epidermis as well as in the nodule cortex. It appears likely that this effect is mediated through ectopic and inappropriate degradation of SYMRK in cells types that normally do not express SINA4, which is supported by the observation that SYMRK protein levels are reduced in inoculated roots overexpressing SINA4. (A) Relative transgenic SINA4 transcript level in L. japonicus stable transgenic lines expressing Pro35S:SINA4WT (S4WT1 and S4WT2) and Pro35S:SINA4DN (S4DN). Quantitative RT-PCR was performed on cDNA of root RNA samples. All lines showed a high transgene transcript accumulation; by contrast, no transgene amplification was detected in the controls which was set as 1 for a Ct value of >40. (B) Total SINA4 transcript level in L. japonicus stable transgenic lines S4WT1, S4WT2, and S4DN relative to wild-type plants. Quantitative RT-PCR was performed on cDNA of root RNA samples. The numbers indicate the fold overexpression of SINA4. (C) Effect of ectopic expression of SINA4 variants on rhizobial infection. Plants were grown in plastic containers, and the average numbers of rhizobial infection events (curled root hairs with entrapped bacterial colony, white bars) and infection threads (black bars) were quantified 7 DAI with M. loti. The average numbers of infection events and infection threads were significantly reduced in both Pro35S:SINA4WT lines compared with the control lines (transgenic MG20 plants transformed with the empty vector construct) or Pro35S:SINA4DN lines. Error bars indicate SE over a population of n = 10 to 15; *P < 0.05; **P < 0.005 compared with controls, as determined by a two-tailed Student's t test.
However, it should be stressed that our data do not exclude the possibility that SINA4 negatively regulates additional symbiosisrelevant proteins.
Higher protein levels of SYMRK were observed when SINA4DN or SINA1DN was coexpressed in N. benthamiana and thereby could protect SYMRK against degradation; however, the L. japonicus lines expressing SINA4DN did not show increased SYMRK protein levels or increased infection compared with controls. Thus, it is likely that multiple layers of regulation determine whether the cells are susceptible to infection. By contrast, the lines expressing SINA1DN did show a difference in nodule development compared with controls, similar to the observations in M. truncatula Pro35S:At SINAT5DN (Den Herder et al., 2008) . This observation supports the possibility that the SINA gene family members target additional symbiosis relevant proteins for destruction.
SINA4 showed polyubiquitination activity in vitro and, therefore, potentially ubiquitinates SYMRK upon interaction. Moreover, the observed destabilization of SYMRK by the SINA4 E3 ligase calls for a model involving SYMRK as a SINA4 ubiquitination substrate. Although we could detect SYMRK ubiquitination in N. benthamiana, this also occurred in the absence of SINA4; hence, it was difficult to test SINAs against this background. Moreover, despite several attempts using a range of different commercially available E2 ligases, we could not detect SINA-mediated SYMRK ubiquitination in vitro. One possibiity is that SINA4 needs to be specifically activated in planta by certain proteins or conditions because we do observe a degradation of SYMRK protein upon coexpression with SINA4 E3 ligase in N. benthamiana transiently cotransformed leaves (Figure 4 ; see Supplemental Figure 6 online), and also in L. japonicus nodulated roots, when SINA4 was expressed from the strong and constitutive ubiquitin promoter ( Figure 5) .
In some instances, specific phosphorylation of human E3 proteins is required to provide specificity or to (de)activate the proteins (Ichimura et al., 2005; Khurana et al., 2006) . Similarly, the rice XA21 receptor kinase phosphorylates XB3 E3 ligase, which in turn stabilizes the kinase . In addition, Arabidopsis S-domain receptor kinases were found to interact with Arabidopsis PUB-ARM E3 ligases, acting as a phosphorylation substrate and functioning in the abscisic acid response (Samuel et al., 2008) . We observed in vitro phosphorylation of all SINA proteins tested by both SYMRK and NFR1 KDs (G. Den Herder, E.B. Madsen, and M. Parniske, unpublished results). So, SINA phosphorylation is not specific in vitro but possibly occurs in planta, although we cannot conclude whether SINA phosphorylation, potentially via SYMRK, would contribute to its E3 activity. Moreover, we cannot conclude whether phosphorylation of SINA4 could lead to ubiquitination of other nodulation-related targets, a mechanism which has been proposed for the LYK3-PUB1 interaction in M. truncatula (Mbengue et al., 2010) .
As SYMRK is a common SYM gene, AM symbiosis could also be affected in Pro35S:SINA4 and Pro35S:SINA4DN lines. However, a wild type-like fungal infection and a similar number of arbuscules were observed in these lines. Also, SINA1 expression is slightly upregulated at 3 weeks after inoculation during AM symbiosis, but the Pro35S:SINA1 and Pro35S:SINA1DN transgenic lines developed AM that was indistinguishable from the controls (G. Den Herder and M. Parniske, unpublished results) in our assay system, which involved relatively strong infection pressure from Rhizophagus irregularis supported by chive nurse plants. Perhaps SYMRK does not require such SINA-mediated fine-tuned regulation during AM symbiosis, or a so far unknown AM-expressed E3 ligase targets SYMRK during fungal infection.
In conclusion, we demonstrated that the SINA4 E3 ligase acts as a regulator of SYMRK protein levels and is therefore able to indirectly manipulate rhizobial invasion during root symbiosis. Based on interaction studies, E3 ligase stability assays, and the symbiotic phenotype, we could assign a specific function for SINA4 in targeting SYMRK for degradation. The identification of L. japonicus SINAs, and particularly SINA4, as a key regulator of SYMRK, provides an important step forward in understanding how receptor kinases can be targeted for degradation to mitigate signaling.
METHODS
Sequence and Phylogenetic Analysis
SINA1-5 full coding sequences and genomic sequences were identified using the genomic database of Lotus japonicus (http://www.kazusa.or.jp/lotus/) and isolated via PCR using specific primers (see Supplemental Table 4 online) and L. japonicus Gifu B-129 cDNA. L. japonicus SINA protein sequence alignment was performed using ClustalW (EMBL-European Bioinformatics Institute). Conserved regions were defined and labeled with BioEdit 7.0.9 (Hall, 1999) . Phylogenetic analysis of the conserved 654-bp nucleotide sequences, which were guided by the amino acid alignment regions displaying at least 70% identity, was performed as described by Den Herder et al. (2008) . Supplemental Figure 1B online presents the result of the neighbor-joining bootstrap analysis with 1000 replicates, for which the support values are labeled on each branch. The human Siah1 sequence (Hu and Fearon, 1999) was used to root the tree.
Y2H Analysis
Y2H analysis was performed according to standard procedures (Stratagene Product Manual 235702; pBD-Gal4 Cam Phagemid vector kit) using the yeast strain AH109 (Clontech). As bait protein, the SYMRK-KD construct was cloned into the pBD-Gal4 vector to perform a screening on the L. japonicus cDNA library derived from RNA of inoculated roots, harvested 5 and 12 DAI (Poulsen and Pødenphant, 2002) . Synthetic dropout media (-Trp, -Leu, -His, with [+] or without 5 mM 3-amino-1,2,4-triazole) were used for selection of the protein interactions. Pairwise interactions were tested using the full coding sequence of SINA genes in the pBD-Gal4 and pAD-Gal4 vectors, as well as the deletion constructs used in Figure 1B .
Escherichia coli Expression and Purification of Recombinant Proteins
After cloning of the maltose binding protein (MBP)-or GST-tagged SINA constructs and E. coli expression, protein purification was performed as described by Tirichine et al. (2006) and Yoshida and Parniske (2005) , respectively.
In Vitro Ubiquitination Assay
Ubiquitination assays were performed by adding 500 ng SINA E3 ligase or the dominant-negative version to the reaction mixture (2 mM MgCl 2 , 2 mM ATP, 50 mM Tris, pH 7.5, and 0.5 mM DTT) in the presence or absence of 60 ng E1 (BostonBiochem E-301; from yeast), 300 ng E2 UbcH5b (His 6 -tagged human recombinant; Biomol UW9060-0100), and 1.2 µg ubiquitin (Biomol UW8795-0005) in a total volume of 30 µL. The reactions were incubated for 3 h at 30°C. The reaction was stopped by adding SDS-PAGE sample buffer and boiling for 5 min. Reactions were analyzed by SDS-PAGE and subsequent immunoblot analysis as described above using the antiubiquitin antibody (1/3000; Santa Cruz Biotechnology P4D1 [sc-8017] or Affiniti [Biomol/Enzo Life Sciences; UG9510]) to detect the ubiquitinated fraction and the a-MBP antibody (1/5000; New England Biolabs, E8030S) or the a-GST antibody to detect the tagged SINA proteins.
Transient Transformation of Nicotiana benthamiana
The subcellular localization and BiFC experiments using fluorescent fusion and split-YFP constructs, respectively, were analyzed in N. benthamiana as described by Yano et al. (2008) . The constructs used for subcellular localization are listed in Supplemental Table 3 online, and two different binary vector systems, namely, pSPYCE/pSPYNE (Walter et al., 2004) and pAMPAT-35S GW (Raffaele et al., 2009) , were used for BiFC experiments. Using the pSPYNE/pSPYCE system, the best expression signals were observed at 4 to 5 DAI, whereas experiments using the pAMPAT 35S GW split-YFP vectors gave the most reliable result at 2 to 3 DAI. Treatment of the leaf discs with the proteasome inhibitor MG132 (Alexis Biochemical) was performed by incubating leaf discs and gently shaking at room temperature for 20 h in 50 µM MG132. Mock treatment was performed in DMSO/water. For epifluorescence microscopy, the Leica DMI4000B inverse fluorescence microscope was used set as described by Yano et al. (2008) , using the appropriate emission filters (dsRED/GFP/YFP and CFP), and confocal laser scanning microscopy was done with the Leica SP5 microscope with fluorescent excitation and emission spectra set as follows: in colocalization experiments, YFPv excitation at 514 nm and emission at 522 to 540 nm; mOrange excitation at 561 nm and emission at 570 to 600 nm (excluding overlapping signals). When mOrange was expressed alone, excitation was at 514 nm and emission was at 540 to 600 nm. When imaged for RFP, excitation was at 561 nm and emission was at 565 to 600 nm. In Supplemental Figures 3D to 3F online, we show that when free RFP (in the cytosol) is imaged at these spectral settings, which are very similar to the mOrange colocalization spectral settings, no YFP dots are visible on the image.
N. benthamiana Protein Extraction and Immunoprecipitation of SYMRK-YFP
Single leaf discs of N. benthamiana leaves transiently expressing the different transformed constructs were excised from the leaf, water infiltrated, and immediately analyzed for fluorescent signal on an inverted epifluorescence microscope (Leica) at different time points (4 to 5 DAI), harvested as quickly as possible, and frozen in liquid nitrogen for protein extraction. Homogenization was done in a Retsch mill (30 s 21 ; 2 min). Crude extraction was performed by adding 200 mL of extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 5 mM DTT, 1% PVPP, and 1% Triton) or extraction buffer used for immunoprecipitation of SYMRK-YFP (50 mM imidazole, pH 7.0, 200 mM NaCl, 1 mM Na-EDTA, 5 mM EGTA, 2% Triton X-100, 1% SDS, 1 mM DTT, PhosStop [Roche], protease inhibitors [P9599; Sigma-Aldrich), 1 mM PMSF, 10% Suc, and 50 µM MG132). After centrifugation for 10 min at 4°C at 10,000g, the supernatant was taken as crude extract. The microscopy and protein expression analysis were performed at least three times for each construct and condition tested, and this method was suitable to deliver reproducible results.
For immunoprecipitation experiments, crude extracts were ultracentrifuged for 20 min at 130,000g to remove insoluble precipitated proteins. The supernatant was taken and added to 800 mL dilution buffer (50 mM imidazole, pH 7.0, 200 mM NaCl, 1 mM EDTA, 2% TritonX-100, 1% SDS, and protease inhibitors [Sigma-Aldrich] ). To prepare the preclearance and immunoprecipitate, 2 3 10 mL Protein A sepharose and 15 mL GFP binder resin (Chromotek) per reaction was washed twice in 0.5 mL dilution buffer and spun down at 400g at 4°C for 20 s. The diluted supernatants were added to 10 mL of Protein A sepharose for 30 min on a rotor at 4°C, a preclearance step that was repeated once. The remaining supernatant was used for the immunoprecipitation and added to the prewashed GFP binding matrix, which was incubated in a rotor at 4°C for 30 min. Samples were transferred to a Mobicol tube to start the washing. The resin was spun down at 400g for 60 s at 4°C. The column was washed five times with 500 mL washing buffer (50 mM imidazole, pH 7.0, 600 mM NaCl, 5 mM Na-EDTA, 2% TritonX-100, and 1% SDS). Elution was done with 20 mL 0.1 M Gly, pH 2.4, which was left for 5 min on the column before centrifugation and addition of 2 mL Tris-HCl buffer, pH 8.0. This step was repeated once with another 20 mL 0.1 M Gly, pH 2.4. SDS-PAGE sample buffer was added, and samples were heated for 10 min at 55°C and loaded on a 10% acrylamide gel for SDS-PAGE (Laemmli, 1970) . Immunoblot analysis was performed with the appropriate antibody: Detection of YFP was done with the a-GFP (polyclonal rabbit; Rockland; 1:3000), and BiFC constructs were detected using a-HA conjugated to horseradish peroxidase (Roche; 1/2000) and a-cMyc (Roche, clone 9E10, 1:3000). After immunodetection, membranes were stained with Coomassie Brilliant Blue as a loading control.
L. japonicus Plant Growth and Inoculation with Mesorhizobium loti
All plants used were derived from L. japonicus ecotype B-129 Gifu or MG20 Miyakojima (Kawaguchi et al., 2001) , both being referred to as the wild type throughout this study. For rhizobial inoculation, seedlings were grown as described by Tansengco et al. (2003) , subsequently incubated in translucent closed plastic containers containing 300 mL Seramis (Mars) and 70 mL liquid Broughton and Dilworth (BD) medium (Broughton and Dilworth, 1971) or in 1-liter Weck jars, containing 350 mL Seramis and 100 mL BD medium, sealed with Micropore tape. M. loti R7A (Sullivan et al., 2002) carrying the pXLGD4 plasmid for expression of the LacZ marker gene was used for inoculation at a final OD 600 of 0.05. The bacterial inoculum was prepared after culturing the rhizobia in liquid trypton yeast extract medium for 2 to 3 d at 28°C (220 rpm). Subsequently, rhizobial cultures were spun down and resuspended in BD.
Agrobacterium tumefaciens-Mediated Transformation of L. japonicus Ecotype Gifu B-129 and Miyakojima MG20 L. japonicus transgenic lines were obtained using the Agrobacterium strain AGL1 transformed with the binary vector pK7WG2D-35S:SINA1 (WT or DN), pK7WG2D-35S:SINA4(WT or DN), and the empty vector control pK7WG2D (referred to as control plants). Transformation was performed as described by Kato et al. (2005) , but using geneticin (pK vectors) as selection marker. Segregation of SINA4 and SINA4DN expressing T1 lines was followed in the T2 plants via in vivo screening of the constitutively expressed endoplasmic reticulum-GFP marker present on the T-DNA. L. japonicus hemizygous T1 parental lines showed a 3:1 Mendelian segregation, indicative for 1 insertion, and T2 homozygous progeny were further used for phenotyping experiments in T3 and T4.
The transgene expression level was determined via quantitative RT-PCR on root material (from a single root system of the T3 and from a pool of five root systems of T4 inoculated plants) using forward primers specific for the SINA1 or SINA4 gene and reverse primers in the three prime terminator sequence, allowing to select for the lines with the highest transgene expression (see Supplemental Table 4 online). Figure 6A and Supplemental Figure 10A online present the relative differences in between the different lines, with the controls given a cycle threshold (Ct) value >40. The total SINA4 expression level was also determined via quantitative real-time RT-PCR using the same samples and methods, but using a forward and reverse primer specific for SINA4, allowing us to determine the fold of overexpression of total SINA4 transcript level compared with the controls ( Figure 6B ). The Pro35S:SINA1(WT or DN) constructs were transformed into Gifu B-129 background, whereas Pro35S:SINA4(WT or DN) constructs were transformed into MG20 background. Both lines were phenotyped using appropriate control lines (the pK7WG2D empty vector transformed in Gifu and MG20 background, respectively) or the wild type.
Effect of SINA4 Expression on SYMRK Stability in Transgenic Inoculated Roots
Agrobacterium rhizogenes transformation of L. japonicus Gifu wild-type plants was performed using the A. rhizogenes AR1193 strain transformed with pUB-GW-GFP (empty vector control), ProUbi:SINA4 or ProUbi: SINA4DN binary plasmids as described by Charpentier et al. (2008) . Plants with transgenic roots were inoculated with 25 mL of M. loti MAFF303099, carrying a dsRED marker, at a final OD600 of 0.05, in Weck jars with 300 mL of sand/vermiculite and 50 mL Fahraeus plant mixture and incubated in the growth chamber (16 h light/8 h dark; 24°C) for 14 d. Transformed roots were harvested and frozen with liquid nitrogen and homogenized in the presence of liquid nitrogen in a mortar. Proteins were extracted by adding 100 mL of extraction buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM EDTA, 2 mM DTT, 1% polyvinylpolypyrrolidone, 10% Suc, 1% Triton, 1% SDS, 5 M urea, and 2 M thiourea) per 100 mg tissue. The extract was incubated for one hour at 37°C and subsequently centrifuged for 10 min at 4°C at 10,000g. The supernatant was analyzed SDS-PAGE and immunoblots.
Phenotyping of L. japonicus Roots and Nodules
Plants were grown in sterile conditions and inoculated with M. loti R7A expressing a LacZ marker gene. Staining for b-galactosidase activity of LacZ-expressing rhizobia was done as described by Tansengco et al. (2003) on inoculated roots 5 and 7 DAI (infection events and infection thread quantification) and at 26 DAI (nodule phenotyping). In each experiment, T3 and/or T4 progeny were used for on average n = 10 to 15 plants per time point. A Leica MZFLIII stereomicroscope was used to count the infection events (meaning a root hair curl with entrapped bluestained bacterial microcolony) and the infection threads on one side of the root, as held on a microscopy slide (the other side was not included to prevent double counting on the same root). The nodule number was determined at 26 DAI, and the percentage of pink (leghemoglobin producing) and white (young) or small, white (early senescent) nodules was defined in both conditions tested. Statistical analysis of the quantified infection events, infection threads, and nodules involved calculation of the SE for the mean value of each population tested (which was done by dividing the SD by the square root of n plants), and the differences compared with the wild type were subjected to a two-tailed t test, with a significant outcome (*) of P < 0.05 or (**) of P < 0.005.
For experiments in Figures 6, 7 , and Supplemental Figures 9B, 9D , and 10 online, we used closed plastic containers that provided high humidity but represented conditions that were below optimum for rhizobial infection and nodulation. For experiments in Supplemental  Figures 9 and 10C online, we used 1-liter glass jars (Weck), which allowed an increased number of symbiotic infection and nodulation events per root system.
A difference in nodulation efficiency was observed in all conditions between the MG20-derived and Gifu-derived transgenic lines. Since the Gifu background produced more infection and nodulation events than MG20, the quantitative values were compared with the control line (empty vector transgenics) derived from the same ecotype.
Microscopy and Sectioning of L. japonicus Nodule Tissue
Nodule tissue (26 DAI) was fixed in 0.1 M Na-cacodylate buffer, pH 7.4, containing 2.5% of glutaraldehyde (Sigma-Aldrich), and nodule samples were dehydrated in a series of 10 to 70% ethanol (each step 1 h at 4°C and 70% overnight at 4°C) and embedded in Technovit 7100 (Kulzer HistoTechnik) according to the manufacturer's instructions. Semithin sections of 4 mm were taken with a rotary microtome, mounted on Superfrost Plus slides (Roth), and stained with 0.5% toluidine blue before mounting with DEPEX (VWR) and examination using the Leica DMI4000B inverse microscope.
Plasmid Construction
Constructs used for Y2H analysis, protein expression in E. coli, BiFC, transient subcellular localization, and plant transformation were made using Gateway technology (Invitrogen) and Phusion Taq Polymerase (Finnzymes). Entry clones were constructed by BP reactions or TOPO cloning, and the sequence-verified inserts were transferred to the proper destination vectors by Gateway LR reactions. The SINA1-5 coding sequences were isolated from cDNA by conventional PCR using sequencespecific primers (see Supplemental Table 4 online). BP reaction resulted in pDONR207-SINA1 and pDONR201-SINA5, whereas bidirectional TOPO cloning resulted in pENTR-SD-SINA2, 3, and 4. Deletion constructs for SINA1 were constructed by PCR using primers containing an EcoRI-SalI restriction site (see Supplemental Table 4 online), to obtain all constructs in pENTR-SD-TOPO vectors. Introduction of the dominant-negative mutation C47S for SINA1 (SINA1DN) and C66S for SINA4 (SINA4DN) required introduction of a point mutation, which was performed using mutated primers (see Supplemental Table 4 online) and using a PCRbased method as described (Cormack, 1997) . The entry clone for the ProSINA4:gSINA4:YFP construct pENTR-TOPO-D-ProSINA4:gSINA4 (w/oStop) was made via TOPO cloning of the amplified fragment containing the promoter of SINA4, 2.5 kb upstream of the ATG, and the genomic SINA4 sequence (gSINA4) until stop codon using sequencespecific primers (see Supplemental Table 3 online) on L. japonicus Gifu genomic DNA. The ENTRY clone for the ProSINA4:gSINA4DN:YFP construct pENTR-TOPO-D-ProSINA4:gSINA4DN(w/oStop) was made via whole plasmid amplification on this clone using hot start Phusion polymerase and mutation primers (see Supplemental Table 4 online). The DONR207-ProSINA4 clone was made by BP reaction (Invitrogen) using the AttB-containing amplicon of the SINA4 promoter, 2.5 kb upstream of the ATG, which also includes the untranslated region genomic fragment (see Supplemental Table 4 online).
The SYMRK-KD and SYMRK K622E -KD entry vectors were used as described by Yoshida and Parniske (2005) . The ProSYMRK entry clone was made using sequence specific primers (with EagI TOPO site sense sequence; see Supplemental Table 3 online) using Phusion polymerase to amplify the promoter 4979 bp upstream of the start codon from a plasmid containing the genomic sequence of SYMRK (gSYMRK) and TOPO cloning in the pENTR-TOPO-D vector. The genomic SYMRK entry clone pENTR-D-ATGgSYMRK:MYC used for BiFC and all other N. benthamiana experiments contains the following insert between the recombination sites: the gSYMRK sequence (as in Lotus T11E23 [TAC containing Lotus SYMRK, AP004579]) starting from the ATG start codon (as defined in coding sequence of SYMRK, AF492655) until the KpnI restriction site of exon XIII. This site is followed by the remaining coding sequence of exonXIII to exonXV, without stop codon, coupled to an SpeI site and MYC tag (see Supplemental Table 4 online). The NFR1 entry clone contains the coding sequence, which was amplified by PCR with specific primers for TOPO cloning (see Supplemental Table 4 online). The KD of the LjFLS2-like gene was cloned in the entry vector using primers with EcoRI-SalI sites (see Supplemental Table 4 online) and PCR on L. japonicus cDNA after identification of the closest At-FLS2 homolog in the Lotus Tentative Consensus database (http://compbio.dfci.harvard.edu).
The following destination vectors were used: for Y2H, modified pBD-GAL4 Cam (Stratagene) and pGAD424 (Clontech) vectors in which Gateway cassettes were introduced; for bacterial protein expression, N-terminal MBP fusions, pKM596 (Fox and Waugh, 2003) ; for N-terminal GST fusions, pDEST15 (Invitrogen) and pGEX4T (Amersham); for BiFC, pSPYNE/ pSPYCE 35S GW (Walter et al., 2004 ) and pAMPAT-35S-GW-YFPN/C (kindly provided by Laurent Deslandes, Laboratoire des Interactions Plantes-Microorganismes Toulouse, Institut National de la Recherche Agronomique-Centre National de la Recherche Scientifique; Raffaele et al., 2009) ; for mOrange fusions, pAMPAT-derived p35S-GW-mOrange-nos (Bayle et al., 2008) ; for C-terminal and N-terminal CFP, GFP, and YFP fusions, pAMPAT-MCS derivative (GenBank accession number AY436765; see Supplemental Table 3 online); for ProSINA4:gSINA4:YFP, pHYWG2,0 (Karimi et al., 2002; Invitrogen) from which the 35S promoter was cut out; for plant expression, pK7WG2D (35S-driven expression) and pKWGFS7 (promoter-GUS analysis) (Karimi et al., 2002; Invitrogen) ; for ProUbi:SINA4 or ProUbi:SINA4DN constructs for hairy root transformation, the destination vector pUB-GW-GFP (Maekawa et al., 2008) , with the use of the pENTR-SD-SINA4 or pENTR-SD-SINA4DN as donor vectors, respectively.
In Vitro Pull-Down Assay
The recombinant proteins GST-SINA1 and GST-SINA1-del2 ( Figure 1B) were purified from E. coli cultures and together with 6xHIS-SYMRK-KD (Yoshida and Parniske, 2005) assayed for direct binding in vitro. The 6xHIS-SYMRK-KD protein was incubated for a maximum of 15 min in binding buffer (50 mM HEPES, 50 mM NaCl, 10 mM MgCl 2 , 1 mM ZnCl 2 , 0.25% Nonidet P-40, 25 mM NaF, and proteinase inhibitor cocktail [SigmaAldrich] ). The incubated protein was then added to GST-sepharose beads and incubated for 2 h at 4°C on a rotor. Separation of the bead-containing pellet by centrifugation precleaned the protein in the supernatant (input), which was subsequently mixed with 1 mg of GST-SINA1 or GST-SINA1-del2 and fresh glutathione sepharose beads and incubated overnight at 4°C on a vertical rotor. Centrifugation was performed to separate nonbound protein in the supernatant and the GST binding fraction in the pellet. The latter was subsequently washed three times with 1 mL binding buffer, and after centrifugation, SDS-PAGE sample buffer was added, and the samples were boiled and analyzed by SDS-PAGE (Laemmli, 1970) and subsequent immunoblot analysis. The separated proteins were electrophoretically transferred onto a Hybond-P polyvinylidenefluoride membrane (GE Healthcare Amersham) by wet blotting. Membranes were blocked in 5% powdered milk in TBS (100 mM Tris-Cl, pH 7.5, and 150 mM NaCl) and washed three times in TBS-T (+0.1% Tween-20), incubated with a-HIS antibody (1/6000; Roche) and a-GST antibody (1/5000; Upstate Biotechnology; Millipore, #06-332) for 1 h in TBS-T to detect the tagged proteins. Subsequently, washing in TBS-T was performed three times, followed by incubation for 1 h with secondary a-rabbit or a-mouse antibody coupled to horseradish peroxidase (Amersham NA934 or Biomol 610-1302, respectively) or to fluorescent dye IR680 (rabbit; Invitrogen A21076) or IR800 (mouse; Biomol 610-132-121). After washing, the protein antibody complexes on the blots were detected either using the ECL chemiluminescence detection kit (GE Healthcare RPN2135) according to the manufacturer's instructions or using an Odyssee IR-fluorescence scanner (Li-Cor, version 2.1).
L. japonicus Root RNA Isolation and Quantitative RT-PCR Analysis
Total RNA extraction from L. japonicus roots was performed as described by Kistner et al. (2005) . First-strand cDNA synthesis reactions were performed using 400 ng of total RNA with the Superscript III FirstStrand Synthesis Supermix for quantitative RT-PCR (Invitrogen), according to the manufacturer's protocol. For quantitative RT-PCR reactions, the Platinum SYBR Green qPCR Supermix-UDG (Invitrogen) was used according to the guidelines of the manual, in a final volume of 10 mL. A reaction using RNA template without RT was used as a control for the presence of genomic DNA contamination. Quantitative PCR amplification was performed with the following program: 94°C for 5 min, 403 (94°for 30 s, 57°for 30 s, and 72°for 30 s), 95°C for 1 min, 55°C for 1 min (iCycler IQ Real Time PCR detection system, software version 3.1; Bio-Rad), and the relative expression was calculated by normalization with the gene expression of the constitutively expressed L. japonicus elongation factor 1-a EF1 and L. japonicus Ubiquitin (see Supplemental Table 3 online) using the 2 2DDCt method (Livak and Schmittgen, 2001) . Amplification efficiency for each primer pair was calculated using the LinReg software (version 7.5; Ramakers et al., 2003) to obtain comparable results. Reactions were performed in duplicate and averaged. Primers used for specific amplification of the SINA1-4 transcripts (see Supplemental Figure 7 online) and the marker genes NIN and PT4 during symbiotic development were unique in the LjGI index release 6.0 (The Institute for Genomic Research) and are given in Supplemental Table 4 online.
SINA4 and SYMRK Promoter Activity in L. japonicus
A. rhizogenes transformation of L. japonicus Gifu B-129 and MG20 was performed using the A. rhizogenes AR1193 strain transformed with the pKWGFS7-ProSINA4 or pKWGFS7-ProSYMRK binary plasmid as described by Charpentier et al. (2008) . Two weeks after transformation, transgenic roots emerged and were inoculated with M. loti MAFF303099, carrying a DsRED marker, in open pots with sand/vermiculite mixture and incubated in the growth chamber (16 h light/8 h dark; 24°C) for the times indicated. Roots were harvested and GUS activity was visualized by X-gluc staining of the roots as described by Groth et al. (2010) . The ProSYMRK:GUS transgenic roots were incubated for only 4 h, whereas the ProSINA4:GUS transgenic roots were incubated overnight at 37°C for staining. A stereomicroscope was used for inspection and visualization of blue stain and dsRED localization.
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